The development of more efficient aero engines is becoming a matter of great importance due to the need for pollutant emissions reduction (e.g. CO 2 , NO x ). Toward this direction, two of the most promising aero engine architectures that have been proposed are the ultrahigh by-pass geared turbofan and the open rotor configurations, both of which are targeting the low thrust-specific fuel consumption and reduced NO x production. In the current study, investigations are performed in order to determine the improvements in thrust-specific fuel consumption for these configurations. More specifically, on the basic geared turbofan and open rotor configurations an intercooler and a recuperator are implemented between the compressors and the exhaust nozzle, respectively. The intercooler is installed in order to reduce the high pressure compressor work demand, while the recuperator is used in order to preheat the compressor discharge air by exploiting the otherwise wasted increased enthalpy content of the exhaust hot gas. The recuperator consists of elliptically profiled tubes and its design is based on the innovative tubular heat exchanger core arrangement that has been invented and developed by MTU Aero engines AG. The intercooled recuperative geared turbofan is evaluated against a nonintercooled recuperative geared turbofan, while the intercooled recuperative open rotor is evaluated against a nonintercooled recuperative open rotor. The results showed that the implementation of intercoolers and recuperators can further improve specific fuel consumption and can also lead to NO x emission reduction.
Introduction
Nowadays, aviation is responsible for an important percentage of the global man-made CO 2 and NO x emissions. Due to the forecast growth in the aviation industry, the need for environmental friendly aircrafts and low emissions aero engines is more demanding than ever. Toward this direction, the Advisory Council for Aviation Research and Innovation in Europe (ACARE) in its Flightpath 2050 Europe's vision for Aviation Report 1 has formulated longterm targets for NO x , CO 2 , and noise reduction. More specifically, the targets for the year 2050 are 75% reduction in CO 2 emissions per passenger kilometer, 90% reduction in NO x emissions and, last but not least, 65% reduction of the perceived noise emission.
In order to achieve these goals new aero engine architectures are investigated. 2 These architectures are focusing on the reduction of the total irreversibilities of the thermodynamic cycle of the engine by attacking the major loss sources. Some of these architectures are studying different combustion systems such as the composite cycle engine concept which uses a highly charged piston-based gas generator 3 together with the conventional combustor, or the pulse detonation combustion technology, configurations that use different technologies such as the recuperation technology are proposed which are mainly studying the exploitation of the otherwise wasted heat energy at the exhaust nozzle. These configurations are utilizing the increased enthalpy content of the hot gas either to preheat the compressor discharge air 5, 6 or to heat another fluid within a secondary fluid system which is used for power generation, 7 typically in a bottoming Rankine thermodynamic cycle.
In the current study, two different aero engine configurations are examined regarding their performance: a geared turbofan (GTF) and an open rotor (OR) configuration. The GTF is used as a reference power plant for long-range missions (intercontinental), while the OR configuration is the reference power plant for short-range (intra-European) missions. However, in order to further improve the performance of these concepts and reduce the NO x emissions, the installation of an intercooler between the compressors and a heat exchanger or a system of heat exchangers for waste heat exploitation at the exhaust nozzle is investigated. The integration of the intercooler between the compressors significantly reduces the compression work demand and additionally favors recuperation due to the increased temperature difference of the cold air before the combustor and the hot gas at the aero engine nozzle. The heat exchangers for the recuperation are placed at the exhaust nozzle, downstream the low pressure turbine (LPT), in order to exploit the increased enthalpy of the hot gas. The heat exchangers that were utilized in this study consist of elliptical or cylindrical tubes. The compressor discharge cold air flows inside the tubes while the hot gas flows on the external side of the heat exchanger. As a result, the compressor discharge air is preheated, less fuel is required, and thus the thrust-specific fuel consumption (TSFC) is significantly reduced.
One of the most important parameters for a recuperative cycle is the temperature difference between the cold and hot flow, which is strongly related to the overall pressure ratio (OPR), the turbine inlet temperature (TIT), and the bypass ratio (BPR) of the aero engine. Recuperation is feasible and beneficial only in cases with a significant temperature difference between the compressor discharge air and the exhaust gas, since when lower temperature deltas are presented the required weight and surface of the heat exchanger are increasing. Toward this direction, the installation of the intercooler can have a favorable effect since it reduces the cold air temperature and thus leads to an increased and more beneficial temperature difference between the two flows.
Furthermore, the installation of a recuperator system downstream the LPT can have a strong muffling effect resulting in noise attenuation and damping on the aero engine LPT-generated noise. Acoustic measurements performed during the New Aero engine Core concepts research project, 8 for the core of the state-of-the-art tubular heat exchanger of MTU Aero Engines AG, Figure 1 , showed that the presence of the heat exchanger has a strong effect on noise attenuation since it damps the imposed noise by more than 4 dB, while additional damping can be achieved through modifications in the heat exchanger core. Similar conclusions are also presented in the literature where strong indications and evidence of the recuperator muffling effect are presented, as reported in Weiss. 9 In the first part of the paper the results of the GTF are presented for a wide range of OPR and TIT values. Since the effectiveness of the intercooler and the heat exchanger is very critical for the performance of the aero engine, each configuration is calculated for various effectiveness values while in the analysis, the TSFC is used as the comparative quantity. The outcome of the study shows that the best results are obtained for low OPR values. The second part of the paper investigates the OR performance, also for a wide range of OPR and TIT values. The results showed that the installation of intercooler and recuperator has a positive impact on the TSFC of the thermodynamic cycle but only for limited OPR values. This is attributed to the temperature difference between the two flows (compressed air and hot gas) which is not so high and therefore not so favorable for an efficient integration of the recuperation technology.
Thermodynamic models

GTF
For the intercontinental aircraft platform, a GTF with a high OPR value of 65 and a high BPR value of 20.7 is considered as the reference engine. In order to exploit the wasted heat energy at the exhaust nozzle, the installation of a system of heat exchangers downstream the LPT, combined with an intercooler (IC) between the compressors, was investigated in detail. The reference intercooled recuperative (IR) engine was the pioneering IRA engine (IR aero engine), which has been designed by MTU Aero Engines AG. 10 The IRA engine is a three shaft, GTF with an intercooler placed between the intermediate pressure compressor (IPC) and the high pressure compressor (HPC) in order to cool the air and reduce the required compression work. More specifically, a system of heat exchangers is installed at the exhaust nozzle, which preheats the cold compressor discharged air. The cold air flows inside the tubes of the HEXs while hot gas flows around the tubes external sides and thus, heat is being transferred to the cold air before the latter enters the combustor. A schematic illustration of the IRA engine is shown in Figure 2 . The T-S (temperature-entropy) thermodynamic diagram of this configuration is shown in Figure 3 .
At the next step, for the conceptual analysis and the performance calculations of the GTF thermodynamic cycle for various conditions, the Gas Turb 11 11 thermodynamic analysis software was used. In Table 1 The results show that the combined installations of an intercooler and a recuperator can significantly improve fuel consumption, resulting to more than 10% improvement for some cases. As shown by the results, the recuperator effectiveness value constitutes a significant parameter. More specifically, as effectiveness gets higher the GTF TSFC decreases, since the hot gas thermal energy beneficially increase the compressed cold air temperature before the combustor. As a result the fuel demands for reaching the targeted TIT for each thermodynamic cycle are minimized. The difference is more intense for high TITs, as can be seen in Figures 4 to 6 . Additionally, the increase of IC effectiveness also has a positive effect on the thermodynamic cycle efficiency in the same way that the recuperator efficiency has, since the temperature difference, which is beneficial for recuperation, is increased due to the improved IC performance. Furthermore, another important parameter that must be taken into consideration for the maximization of recuperation technology benefit is the TIT. More specifically, higher TIT values are more preferable for enhancing recuperation efficiency, since for high TIT values the temperature difference of the two flows (i.e. hot gas and cold compressed air) is increased and recuperation is greatly promoted. Finally, the BPR is of significant importance and higher values are suggested as an outcome of the current study, in order to maximize the recuperation benefits. However, drawbacks of very high BPR values are that at first, the aero engine cannot operate efficiently for higher OPRs and second, the aero engine nacelle dimensions also increase. As a result, apart from the aero engine performance, one should always take into consideration the increase of the aero engine dimensions and the negative impact that this increase has on the nacelle aerodynamic drag and also on the overall aero engine weight. Regarding the NO x emissions, in case of TIT ¼ 1700 K a reduction of 25% in relation to the reference GTF configuration can be achieved, while for the case of even lower TIT ¼ 1580 K the NO x emissions can be reduced by 60%. This is a very important observation, since it shows that with the combined use of intercooling and recuperation technologies, the aero engine performance can be significantly improved toward achieving the ACARE 2050 targets.
OR
Regarding the intra-European platform, an OR configuration is considered as the reference power plant. The OR engine has been investigated during the last years by many researchers, 12 especially for short haul aircrafts, since it provides reduced fuel consumption. During the 1980 s many test flights took place in order to evaluate the OR performance.
In the current work, an OR engine consisting of a two shaft gas generator is examined. For further reducing the aero engine fuel consumption, an IC is placed between the HPC and IPC and a heat exchanger for recuperation at the exhaust nozzle downstream the power turbine, which is utilized for the rotation of the counter-rotating propellers of the OR engine. The heat exchanger has the same core configuration as in the GTF concept and consists of elliptical tubes. A schematic illustration of the IR OR aero engine configuration can be seen in Figure 13 . Figure 14 shows the difference in TSFC values (ÁTSFC between a non-IR and an IR OR), as a function of the OPR, for two different TITs. The results are compared to a reference OR configuration, in which neither an IC nor a HEX for recuperation is installed. As it can be seen, the IR configuration has a positive impact on TSFC reduction, especially for low OPR values, mainly due to the beneficial (for recuperation) temperature difference between the cold (compressed air) and hot (hot gas) flows of the recuperator heat exchanger. Moreover, an increase of the TIT also leads to lower TSFC values, since better waste heat exploitation is achieved, leading to a straightforward impact on the fuel consumption decrease.
However, it is important to mention that one of the major problems of OR configuration is the high noise penalty. Currently, in USA 13 and Europe 14 many researchers are focusing on reducing the noise level of OR engines.
Conclusions
In this work, a conceptual analysis of an IR GTF (for intercontinental applications) and an IR OR configuration (for intra-European applications) is presented. The study was conducted in order to determine the TSFC benefit for each aero engine architecture and thus to suggest possible future configurations which are aligned with the environmental targets of ACARE. Regarding the IR GTF the following conclusions can be derived:
. The installation of an intercooler and a heat exchanger for recuperation leads to improved TSFC . Recuperator and intercooler effectiveness significantly affect TSFC . TSFC decreases as recuperator and intercooler effectiveness increase . BPR and TIT increase have positive impact on the TSFC of the thermodynamic cycle. However, the affordable level of TIT increase is strongly related to the properties of the selected material of the turbine blades. Thus, in order to reach extremely high TIT values special metal compositions are necessary to be used which increase the turbine cost. Furthermore, the use of extremely high TIT values, even though thermodynamically profitable, results to increased maintenance cost. It is also important to mention that the TIT selection indirectly affects the maximum operational temperature of the recuperator and thus, affects both its thermal effectiveness and the recuperator materials selection. As a result, trade-off studies are made for the most beneficial selection of the operational TIT value in order to combine thermodynamic efficiency (low TSFC) with balanced cost and operational integrity. For the recuperator (and intercooler) components additional trade-off studies are necessary, in order to assess the effect of the components own weight on net TSFC benefit, always in relation to cost and fuel prices values, parameters which have so far affected their integration to aero engines.
Regarding the IR OR configuration, the conclusions that can be highlighted are the following:
. A low OPR should be chosen since it is more beneficial for obtaining lower TSFC values . High TIT values lead to reduced TSFC As an overall conclusion, the recuperation technology combined with intercooling is very promising for the evolution of environmental friendly aero engines which will be aligned with the ACARE 2050 targets. However, several important issues must be taken into consideration that will advance this technology further. One major barrier is the limit of the maximum allowable material temperatures of the HPT which is closely related to the materials technology level. Additionally, toward the direction of designing efficient heat exchangers customized for intercooling and recuperation applications, the specific geometrical constraints and the flow filed development characteristics must be taken into consideration in order to maximize the intercooling and recuperation benefits for either short-or long-range operations. Under the above considerations, additional investigations are planned to be performed in the future, in order to include higher fidelity methods mostly in the recuperator heat exchanger and intercooler performance modeling in order to sensitize the cycle design parameters with the technology progress in materials and operational temperature range. Recuperator and intercooler weight issues must also be included in future studies in an attempt to provide a more detailed quantification of the effect of intercooled and recuperated GTF and OR technologies on the aero engines performance.
